This paper describes a small-satellite mission for geospace exploration ERG (Energization and Radiation in Geospace) that aims at understanding the acceleration process of relativistic electrons and dynamical variations of the space storm. The project consists of not only the satellite mission but also ground-based observations and integrated studies/simulation teams. The satellite will be launched into the inner magnetosphere around the next solar maximum. In efforts to understand the cross-energy coupling process that is essential to generate relativistic electrons and the dynamical evolution of space storms, the satellite is equipped with instruments for comprehensively observing plasma/particles, fields and waves. Possible international collaborations are also discussed in this paper.
Introduction
High-energy particles (ions and electrons) are trapped by the Earth's magnetic field, forming the Van Allen radiation belts. This area is called "Geospace". The radiation belts are composed of ions and electrons with energies ranging from hundreds of kiloelectron volts (keV) to tens of megaelectron volts (MeV). The highest energy particles in geospace are in the radiation belts, and plasma and particles of various energies exist in the same region (see Figure 4 ). Ions and electrons having energies of tens of keV form the ring current and/or plasma sheet. Cold, dense plasma with energies of a few eV originated from the ionosphere forms the plasmasphere. Therefore, plasma/particles with a wide range of energies of more than six orders of magnitude coexist in the same region. Figure 1 shows a statistical distribution of relativistic electrons in the radiation belts measured by the Japanese Akebono satellite. The electron radiation belts have two belt-like distributions encircling the Earth known as the "inner belt" and "outer belt", and a slot region between the two belts. The structure of the ion radiation belt is a single not double belts. Figure 2 shows the temporal variation of relativistic electrons of >2500 keV and the Dst index during the first half of 1993. Large negative values of the Dst index indicate space storms. Relativistic electrons in the outer belt disappear temporarily and then sometimes increase slowly to form the outer belt associated with a space storm 1, 2) . When the outer belt forms again, the flux of relativistic electrons can sometimes increase by more than two orders of magnitude. It is also seen that space storms are not always accompanied by the reforming of the outer belt and that sometimes the outer belt does not reform after vanishing during the main phase. These dynamical variations of relativistic particles are important for understating particle acceleration in geospace.
The study of relativistic electrons in the radiation belts is also important for the space weather. Space infrastructure such as GPS and meteorological satellites, which operate in the radiation belts, are indispensable in modern society. Some human activities such as those involving the Space Shuttle and International Space Station are also operated in the lower altitudes of the radiation belts. High-energy particles can sometimes cause operational anomalies with satellites and pose a danger to humans during long-term stays in space. It has been reported that radiation belt particles have rendered Trans. JSASS Aerospace Tech. Japan Vol. 8, No. ists27 (2010) Tm_2 satellites inoperable and disrupted live TV broadcasts 3) . For humans to live and work safely and comfortably in outer space, the study of the radiation belts in space weather research is especially important.
As stated in following sections, the acceleration mechanisms that mainly contribute to the large flux enhancement of the outer belt have not been identified. In order to understand the mechanisms of particle acceleration and the dynamical evolution of space storms, a new satellite mission, ERG (Energization and Radiation in Geospace), has been proposed as part of the small-satellite program of ISAS/JAXA. The project consists of not only the ERG satellite team but also ground-based network observations and integrated data analysis/simulation teams, as shown in Figure  3 . Aiming at understanding the complex regional interactions during space storms, the in-situ satellite data will be compared with the ground-based network observations, which provide global-scale information of geospace plasma dynamics, utilizing numerical modeling and simulations from the integrated data analysis team. Moreover, the science coordination team and the project science center team are participating in the project. This paper describes the details of the ERG project as well as the scientific motivation. The organization of this paper is as follows: In Section 2, we describe the possible particle acceleration mechanisms that are the main subject of the ERG project. Details of the ERG satellite and the scientific instruments are shown in Section 3. Section 4 shows the ground-based network observations and the integrated data analysis team. The science coordination team and the project science center are described in Sections 5. The international collaborations are mentioned in Section 6.
Scientific Objectives
During space storms, the disappearance and enhancement of the outer belt are important phenomena as shown in Figure  2 . Here, we will summarize the processes that enhance the relativistic electrons of the outer belt. A key to understanding the enhancement of the electrons is the acceleration mechanisms of particles. Charged particles in the magnetic field are characterized by conserving the first-adiabatic invariant, which is a constant ratio of the intensity of the magnetic field and energy of the particle. Therefore, when solar wind plasma enter the magnetosphere and move closer to the Earth where the intrinsic magnetic field is strong, the energies of the particles increase. This acceleration process is called adiabatic (betatron) acceleration. Particles in the radiation belts, however, have far higher energy levels than adiabatic accelerated plasma originating from the solar wind. To explain this discrepancy, it has been expected that non-adiabatic acceleration mechanisms exist somewhere in the Geospace. The important questions of where and how the non-adiabatic acceleration occurs remain unanswered. In the past decade, following two processes have been proposed and investigated in theoretical and observational studies.
External supply process
It is assumed that in the external supply process, non-adiabatic acceleration occurs in the magnetotail and that adiabatic acceleration then takes place as particles are transported where the magnetic field is strong. This process is shown in the blue area of Figure 4 . The classical theory proposed in the 1970s explained the formation of the radiation belts with this process 4) . In addition, theoretical research in the last ten years indicates that magnetic pulsations of magnetohydrodynamic (MHD) waves in the magnetosphere could efficiently transport high-energy electrons 5) . This supposition is currently being examined by observations.
Internal acceleration process
It is assumed that in the internal acceleration process, non-adiabatic acceleration takes place inside the radiation belts. In this theory, sub-relativistic electrons are "seed particles" that are accelerated to higher energies by wave-particle interactions 6, 7, 8) . One possible plasma wave is the whistler mode chorus, which is generated by the free energy of electrons with energies of tens of keV 9) . It is interesting to note that plasmaspheric thermal plasma affects this process since thermal plasma controls the resonance conditions and propagation of plasma waves as ambient media. Therefore, plasma and particles that have a wide range of energies of more than six orders of magnitude are involved in this acceleration process via wave-particle interactions. This is the so-called "cross-energy coupling process" as shown in the red area of Figure 4. 
Significance of direct observations at the equatorial plane
In order to examine which process (external supply process or internal acceleration process) more efficiently causes large flux enhancements of the outer belt, the observation of phase-space density is essential 10) . When relativistic electrons of the outer belt increase, it is expected that, in the case of the external supply process, the phase-space density will increase monotonically with the distance from Earth. On the other hand, in the case of the internal acceleration process, the phase-space density is expected to have a peak inside the outer belt. In order to measure the phase-space density, it is necessary to observe the particles of the radiation belts over a wide range of energies as well as the ambient magnetic field.
After the CRRES satellite observations of the early 1990s, no scientific satellite capable of conducting such observations has been launched into the equatorial plane. Instead, efforts to estimate the phase-space density have been made using data obtained by other polar-orbit satellites such as Akebono and Polar 7,10.11) . As a result, data suggesting the external supply process were obtained. Meanwhile, several data suggesting internal acceleration were also reported. In addition, the data indicates that the occurrence of the two processes varies depending on distance from the Earth, local time, and type of magnetic storm 12) . A comparative study between CRRES and Akebono 13) suggested the importance of observations at the equatorial plane. Without measuring the phase-space density near the equatorial plane of the magnetosphere, uncertainty is inevitable. As a result, a clear understanding of the two processes has not yet been obtained.
The ERG Satellite 3.1. Overview of the ERG satellite
Comprehensive observation of plasma/particles, fields and waves near the magnetic equator is essential for understanding the cross-energy coupling involved in the acceleration of relativistic electrons and the dynamics of space storms. Figure  5 shows a schematic picture for the planned orbit of the ERG satellite. ERG is sun-aligned and spin-stabilized at 7.5 rpm. The apogee geocentric distance is 5 Re and the perigee altitude is ~300 km. Although a low inclination of less than 10 deg is best for observations of the phase-space density profile and acceleration processes, observations at an inclination of about 30 deg are also possible.
The ERG satellite will be launched around the next solar maximum (~FY 2013-2014) when a large number of space storms will occur. The nominal mission life is planned to be longer than one year.
Plasma and Particle Experiment (PPE)
The Plasma and Particle Experiment (PPE) utilizes four electron sensors (LEP-e, MEP-e, HEP-e, and XEP-e) and two ion sensors (LEP-i, and MEP-i). Figure 6 shows the energy range covered by each particle sensor. The electron sensors can measure electrons from 10 eV to 20 MeV, while the ion sensors can measure ions from 12 eV/q to 180 keV/q with mass discrimination.
For the electron observations, both the HEP-e and XEP-e instruments mainly observe the relativistic electrons of the radiation belts, and these instruments are essential for deriving the phase-space density profile. On the other hand, the LEP-e and MEP-e instruments can observe hot electrons. Since anisotropies of the distribution function of hot electrons are the free energy of plasma waves, observation of the distribution function is important for clarifying how plasma waves are generated inside the radiation belts. Previous satellite observations inside the radiation belts suffered a serious contamination problem due to strong radiation environment 14) . In particular, measurement of electrons having energies of tens of keV is very difficult in the radiation belts. Newly developed technologies to eliminate background contamination will be used in ERG/PPE, and comprehensive detailed observations of electrons with energies of tens of keV will be possible 15, 16) . For the ion observations, the LEP-i and MEP-i instruments observe several kinds (species) of ions in the inner magnetosphere. Although there are the same concerns regarding contamination as in the case of the electron observations, especially at energies of tens of keV, the new technology is capable of observing ions up to 180 keV/q in the radiation belts 17, 18, 19) . These ion observation data will be used for identifying free energies of magnetosonic waves and electromagnetic ion cyclotron (EMIC) waves as well as the evolution of ring current ions. Ion observations with mass discrimination are essential for determining characteristics of each ion species and the origin of ring current particles that come from either solar wind or the Earth's ionosphere.
Plasma Wave and Electric Field (PWE)
The Plasma Wave and Electric Field (PWE) instrument observes electric fields up to frequencies of 10 MHz as well as dc electric fields. The search coil magnetometer in the PWE observes magnetic fields in the frequency range from a few hertz to 1 MHz. Its design is based on some of the instruments in the Plasma Wave Investigation aboard the BepiColombo/MMO 20) . The electric field is measured by two pairs of wire dipole antennas, which are about 32 m tip-to-tip in length. The magnetic field is measured by 3-axis search coils.
There are various kinds of plasma waves in the inner magnetosphere, as shown in Figure 7 ; these waves are important for particle transport, acceleration and loss. Whistler mode chorus emissions and magnetosonic waves are expected to be important in the non-adiabatic acceleration that generates relativistic electrons. Electromagnetic ion cyclotron (EMIC) waves that are generated from ring current ions will cause a rapid pitch angle scattering of relativistic electrons 21) . Whistler mode hiss waves inside the plasmapause cause the pitch angle scattering of electrons. Low-frequency MHD pulsations with ~5-min periods are a driver of adiabatic transport via radial diffusion, which can be observed by the PWE instrument as well as the MGF instrument.
The PWE instrument can observe the frequency spectrum and waveform of these fields. The density and temperature of thermal electrons are critical factors in wave-particle interactions and are determined by the measurement of upper-hybrid resonance waves and the thermal noise spectrum. Global radio and dc electric field are also measured with this instrument.
Measurement of Geomagnetic Field (MGF)
The Measurement of Geomagnetic Field (MGF) instrument observes the ambient magnetic field as well as MHD pulsations. Its design is based on some of the instruments in the MGF aboard the BepiColombo/MMO 22) . A fluxgate sensor with a boom is used for the measurements.
Observations of the ambient magnetic field are important for understanding the ambient plasma environment around the ERG satellite. The ambient magnetic field is necessary to determine the plasma distribution function and the pitch angle distribution. The local cyclotron frequency is also determined from the MGF measurement. The MGF instrument as well as the PWE instrument observes EMIC waves. Since ring current evolution produces distortions of the ambient magnetic field, which affect the distribution and trajectories of relativistic particles in the radiation belts (the Dst effect), accurate measurement of the magnetic field deviation from the intrinsic magnetic field is important for evaluating the Dst effect.
Current status and planned schedule
The ERG satellite working group of ISAS/JAXA began conducting feasibility, design, and concept studies as a pre-Phase A study in FY 2006 and submitted the proposal for the Phase A study in FY 2008. If the ERG project advances to the Phase A study, satellite development will proceed with a target launch date in FY 2013-2014. Currently, more than 90 researchers at 20 universities/institutes in Japan have joined the project as members of the working group.
The ERG Ground Network Observation Team & Integrated Studies/Simulation Team
Observations from the ground, taking advantage of rapidly advancing remote-sensing technology of the geospace, will complement the ERG satellite observations. Three global networks, the SuperDARN HF radar network, magnetometer networks, and optical imager networks, will join the ERG project as well as riometer and VLF observations. These ground network observations provide data including global variations in electric field, magnetic field, and ring current. In this way, we plan to observe geospace simultaneously from both space and the ground.
In order to understand the various kinds of data from both satellite and ground observations and gain scientific output, an integrated analysis using many data sets and simulation results is essential. Both global simulations and micro-process simulations such as those of wave-particle interactions are important for understanding the physical processes through quantitative comparisons with observations. As part of integrated studies/simulation teams, the Solar-Terrestrial Environment Laboratory, Nagoya University, Japan is starting the GEMSIS project for the study of geospace modeling. New physical models of ring current, radiation belts and the electric potential at sub-auroral latitudes have been developed. 23) 
Science Coordination Team & Project Science Center
The science coordination team and the project science center are also part of the ERG project. The main task of the science coordination team is planning and leading the scientific aspects of the project as well as coordination of international cooperation.
The ERG project science center will develop integrated data analysis tools for analyzing various kinds of data from the satellite, ground network observations, and simulations. A meta-data format such as the common data format (CDF) will be important for data analysis. The ERG science center has a plan to design a CDF for all observation and simulation data and to archive the data in cooperation with ISAS/JAXA.
International Collaborations
The next solar maximum presents a unique opportunity for the comprehensive study of geospace and the Van Allen belts. RBSP (USA), ORBITALS (Canada), RESONANCE (Russia), KuaFu (China) are all projects for geospace exploration planned for the next solar maximum. The THEMIS mission (USA) which has operated since 2007 will have a plan to extend the mission after 2012. Simultaneous observations at different radial distances from the Earth and different local times, which are highly desirable for the ERG project, are made possible by this international fleet of satellites. The ERG project team has discussed possible collaborations with these mission teams.
Concluding Remarks
High-energy particle acceleration is a fundamental and common phenomenon, not limited to the Earth's magnetosphere but also applicable to particle acceleration in the magnetospheres of planets and other celestial bodies. The ERG satellite mission is particularly important for the future exploration of the Jovian magnetosphere. Fundamental processes observed in the terrestrial Van Allen belts are also common in the Jovian magnetosphere 24) where ultra-relativistic electrons are generated. Furthermore, the scientific instruments developed for the ERG satellite, which are designed to operate under strong radiation environment, will provide important heritage for the design of the instrumentation for a future Jupiter mission.
Geospace is a unique area where direct observation of particle acceleration is possible; such observations would be overly difficult in the case of distant planets or celestial bodies. The ERG project, which consists of the ERG satellite, ground network observations, and integrated studies/simulations, will explore the sites where the highest energy particles in geospace are generated and will aim to elucidate the mechanisms of the particle acceleration in the universe.
